1. Introduction {#sec1}
===============

Lead-based halide APbX~3~ perovskite (HaP) solar cells \[with A = methyl ammonium (MA), formamidinium (FA) and/or cesium (Cs^+^), and X = I^--^, Br^--^, and/or Cl^--^\] have shown a rapid increase in power conversion efficiencies (PCEs) over the past years, reaching efficiencies beyond 25%.^[@ref1]−[@ref4]^ Yet, the toxicity of Pb and water-soluble Pb salts (PbX~2~) that are products of degradation of HaPs raises environmental concerns, which might restrict the commercialization of Pb-based HaP cells. Therefore, special attention is currently paid to replace Pb with alternative less-toxic elements^[@ref5]^ such as tin,^[@ref6],[@ref7]^ germanium,^[@ref8]^ or a combination of bismuth and silver,^[@ref9]−[@ref11]^ aiming for Pb-free HaPs.

In this paper, we consider Sn-based HaPs (in particular, CsSnBr~3~). Although much less studied than Pb-containing HaPs, there is a significant body of work on these Sn-based materials and cells, some of which have been reviewed recently.^[@ref12],[@ref13]^ The optical band gap energies of Sn-based HaPs are lower than those of their Pb-containing counterparts (e.g., MASnI~3~ has a band gap of ∼1.3 eV compared to ∼1.6 eV for MAPbI~3~^[@ref14]^) and are thus often closer to the optimal range for single-junction photovoltaic cells, calculated within the Shockley--Queisser model.^[@ref15]^ However, so far the highest reported efficiency for these cells is 9.6%,^[@ref16]^ which is more than 2.5 times lower than the best reported efficiencies for Pb-containing devices. Adding SnF~2~ to the precursor solution of Sn-based HaPs enhances the device performance.^[@ref12]^ The underlying mechanism for the SnF~2~-induced efficiency gain is, however, still not well understood. Thus, we aim at identifying the effect of adding SnF~2~ to the precursor solution on the chemical and electronic structure of the resulting CsSnBr~3~ thin-film solar cell absorbers, which are promising candidates for top cells in tandem devices. We find a beneficial effect of the addition of SnF~2~ on the ability of CsSnBr~3~ to cover the substrate. We identify Sn^IV^-type tin and secondary Cs- and Br-derived species to be present in the studied CsSnBr~3~ films and that their contribution decreases with addition of SnF~2~. Furthermore, an overall enrichment in tin and deficiency of cesium in the surface region are revealed, and high-resolution valence band (VB) spectra show a SnF~2~-induced redistribution of Sn 5s-derived density of states (DOS), reflecting the changing Sn^II^/Sn^IV^ ratio.

As deposition and spectroscopic characterization are mainly performed in different laboratories on sample sets that have been similarly prepared, part of the work was also carried out to study the reproducibility (e.g., of sample preparation) as well as the impact of environmental (e.g., during transport) and handling (after sample preparation and before characterization) factors on the measured data.

2. Results and Discussion {#sec2}
=========================

The impact of adding 20 mol % SnF~2~ to the precursor solution on the chemical and electronic structure of the resulting Sn-based HaP was studied by lab-based soft \[X-ray photoelectron spectroscopy (XPS)\] and synchrotron-based hard (HAXPES) XPS. XPS measurements were performed at the Weizmann Institute of Science (WIS) and at the Helmholtz-Zentrum Berlin für Materialien und Energie GmbH (HZB); all HAXPES measurements were carried out at the HiKE endstation located at HZB's BESSY II KMC-1 beamline.^[@ref17],[@ref18]^ All results are obtained on CsSnBr~3~ films made by the same method as described in ref ([@ref19]). In previous publications,^[@ref19],[@ref20]^ using 20--30 mol % SnF~2~ as an additive resulted in the best performing solar cells (best PCE reaching 2.5%).

Two types of samples, CsSnBr~3~/compact TiO~2~/FTO/glass (hereafter referred to as set A) and CsSnBr~3~ + 20 mol % SnF~2~/compact TiO~2~/FTO/glass (hereafter referred to as set B), were studied. To study (and account for) any effects related to the reproducibility of sample preparation or handling and the stability of the films during transport from WIS to HZB, in total, five batches of two samples each (sets A~*n*~, B~*n*~, *n* = 1--5) were characterized by XPS at HZB and WIS and by HAXPES at HZB over the course of 4 months. Out of these five batches, two sets produced inconsistent results; neither A~2~ nor B~2~ had a detectable F 1s signal, which would have been expected for sample B~2~. Both samples A~4~ and B~4~ had a measureable F 1s signal, which was supposed to be absent for A~4~ (and attributed to cross-contamination during sample transport). Therefore, sample sets 2 and 4 were excluded from further detailed analysis, as they were not suitable for correlating our spectroscopic results with the addition of SnF~2~ to the precursor solution. The remaining sample sets A~1,3,5~ and B~1,3,5~ show clear spectral differences in the HAXPES data (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and the Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). In the following, the photoemission (and here mainly the HAXPES) data of A~3~ and B~3~ are shown as examples and discussed; sample B~3~ had the highest fluorine concentration of the remaining samples and, therefore, gives the largest contrast between the CsSnBr~3~ sample that was prepared with and without 20 mol % SnF~2~ being added to the precursor solution (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). Note that all HAXPES measurements are used in quantification and mostly mean values are considered when discussing the data and drawing conclusions. Because of the higher surface sensitivity of the XPS data \[e.g., the inelastic mean free path (IMFP) of Cs 3d photoelectrons excited with Al Kα (1486.58 eV) and a kinetic energy of 762.58 eV is approximately 2 nm^[@ref21]^ compared to the HAXPES measurements (e.g., the IMFP of Cs 4d photoelectrons excited with 2 keV and a kinetic energy of 1927.6 eV is approximately 4 nm^[@ref21]^), the latter will be significantly less affected by surface effects (e.g., contamination and/or oxidation), and thus, we will mainly use the HAXPES data for discussion. However, in order to compare the impact of the duration between sample deposition and characterization and/or the impact of transport, we will also use and refer to the measured XPS data.

![HAXPES spectra of the shallow core-level energy region of CsSnBr~3~ prepared without (sample A~3~, "CsSnBr~3~", black line) and with 20 mol % SnF~2~ (sample B~3~, "CsSnBr~3~ + 20 mol % SnF~2~", red line) in the precursor solution. Spectra are shown after background subtraction and normalization to the Sn 4d peak height; vertical offset is added for clarity.](am9b22967_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the shallow core levels of the CsSnBr~3~/compact TiO~2~ samples for which no (sample A~3~, "CsSnBr~3~") and 20 mol % SnF~2~ (sample B~3~, "CsSnBr~3~ + 20 mol % SnF~2~") was added to the precursor solution. All expected core levels originating from CsSnBr~3~ (i.e., Cs 4d, Cs 5p, Br 3d, and Sn 4d) and, for sample A~3~, also lines attributed to the compact TiO~2~ substrate (i.e., Ti 3s, Ti 3p, and O 2s) can be identified in the spectra. In contrast to sample A~3~, no substrate-related lines can be observed in the spectrum of sample B~3~ (CsSnBr~3~ + 20 mol % SnF~2~), suggesting that the SnF~2~ additive increases the absorber coverage of the compact TiO~2~ substrate, which is further supported by scanning electron microcopy top view images on a similar prepared sample set complementing the HAXPES data (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) in the Supporting Information). This improvement of coverage and morphology has also been observed by Koh et al., describing an improved surface coverage of the mesoporous TiO~2~ substrate by FASnI~3~, manifested as a reduced number of pinholes and voids compared to the pure halide perovskite film.^[@ref22]^ Similar observations were made by Liao et al.^[@ref23]^ for CsSnI~3~ prepared with SnF~2~: a larger crystallite size was observed compared to that prepared without SnF~2~.^[@ref24]^ Furthermore, a similar reduction of the density of pinholes was found for a low-dimensional form of FA--Sn--I.^[@ref25]^ A systematic study of the CsSnI~3~ morphology by Marshall et al.^[@ref26]^ showed that actually the excess of Sn (mostly independent of the used anions: F, Cl, Br, and I) is responsible for the improved coverage. While each SnX~2~ salt gave a somewhat different morphology, SnF~2~ led to the best coverage and smoothest films.^[@ref26]^

The peak shapes of the Sn 4d, Br 3d, and Cs 4d lines vary between the spectra of A~3~ and B~3~, indicating the presence of multiple chemical species, which is confirmed by curve fit analysis and discussed in detail below \[the complete fit results and more details can be found in the Supporting Information ([Figures S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf), including related discussion and Experimental Section)\].

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the Sn 4d spectra (along with the O 2s and Cs 5s lines) of samples A~3~ and B~3~, including curve fit results. For the Sn 4d signal, satisfactory fits of the spectra can be obtained by using two peak doublets, indicating the presence of (at least) two distinct Sn species in both samples. Note that CsSnBr~3~ samples have been reported to be sensitive to X-rays, but no evidence is found for a (hard) X-ray induced formation of metallic Sn---as previously reported in ref ([@ref19]) for lab-based XPS measurements---in our HAXPES data. If metallic Sn (Sn^0^) were present, the Sn 4d component would be located in approximately the same energy region as the O 2s/Cs 5s peaks, and, because there is no indication of Sn^0^ signal in the Sn 3d HAXPES spectra of the same samples (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf), left panels), this can be excluded. However, accompanying XPS measurements of a CsSnBr~3~/compact TiO~2~/FTO/glass sample (sample A~WIS~) at WIS do show a metallic Sn contribution to the Sn 3d core level, which is not seen when SnF~2~ is added to the precursor solution \[see the Sn 3d spectrum of a CsSnBr~3~ + 20 mol % SnF~2~/compact TiO~2~/FTO/glass sample (B~WIS~) in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf), right panels\]. Possible explanations for this difference would be (i) modification of the chemical structure of the CsSnBr~3~ samples during transport from WIS to HZB despite being shipped, stored, and handled in inert gas atmosphere or (ii) a spontaneous degradation occurring during the longer time between deposition and characterization (ranging from 2 days to \>1 month, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). The most likely chemical reaction would be the oxidation of (metallic) tin (because of the presence of residual oxygen atoms in the inert gas atmosphere) to a Sn--O~*x*~ species, with SnO~2~ being the most stable \[i.e., Sn would change its oxidation state from 0 (if metallic tin is inherently present in CsSnBr~3~) or from +2 (in case that the metallic tin signal detected in the WIS XPS measurements is due to X-ray irradiation) to +4\]. Indeed, Sn^IV^ (tin in the oxidation state of +4) derived contributions can be identified in the respective HAXPES shallow core-level spectra. Note that the significantly larger lifetime broadening of the Sn 3d leads to considerable ambiguity in the respective curve fitting results, and thus, we focus on the Sn 4d signal to differentiate between Sn^II^ and Sn^IV^. In sample A~3~, the main and secondary Sn 4d~5/2~ fit peak components are found at a binding energy (BE) of (25.6 ± 0.1) and (26.4 ± 0.1) eV, respectively. For sample B~3~, they are located at (25.4 ± 0.1) and (26.1 ± 0.1) eV. Hence, for the CsSnBr~3~ + 20 mol % SnF~2~ sample, we find a core-level shift in the range of (−0.2 to −0.3) eV. Based on the BE positions, we attribute the main and secondary spectral contributions to the Sn 4d spectra to Sn^II^ (tin in the oxidation state of +2) and Sn^IV^,^[@ref27]^ that is, Sn as in CsSnBr~3~ and a Sn component that is oxidized, relative to CsSnBr~3~ (e.g., SnO~2~). Note that SnBr~4~, if present, would also contribute to the Sn 4d Sn^IV^ component. The average HAXPES-derived Sn^II^/Sn^IV^ ratio increases from 1.8 ± 0.5 (for samples without SnF~2~ additive) to 3.1 ± 1.6 (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}); that is, the oxidation of Sn is suppressed when SnF~2~ is added to the precursor solution.

![HAXPES detail spectra of the Sn 4d, Cs 5s, and O 2s BE region of CsSnBr~3~ (A~3~, left panel) and CsSnBr~3~ + 20 mol % SnF~2~ (B~3~, right panel), shown with curve fit results. The spectra were normalized by the background intensity at BEs around the Fermi level (*E*~F~).](am9b22967_0002){#fig2}

###### Average Compositions Calculated from the HAXPES Data Shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"} and in [Figures S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) of CsSnBr~3~ Samples Deposited without (A) and with (B) SnF~2~ being Added to the Precursor Solution in Comparison to the Expected Nominal Composition[a](#t1fn1){ref-type="table-fn"}

                                                                 Cs/Sn       Br/Sn       F/Sn                                       Sn(II)/Sn(IV)   Br(m)/Br(s)   Cs(m)/Cs(s)
  -------------------------------------------------------------- ----------- ----------- ------------------------------------------ --------------- ------------- -------------
  **Sample(s) A (CsSnBr**~**3**~**)**                                                                                                                             
  nominal                                                        1.00        3.00        N/A                                        N/A             N/A           N/A
  HAXPES                                                         0.5 ± 0.2   2.0 ± 0.6   N/A                                        1.8 ± 0.5       1.8 ± 0.2     2.8 ± 0.9
  **Sample(s) B (CsSnBr**~**3**~**+ 20 mol % SnF**~**2**~**)**                                                                                                    
  nominal                                                        0.83        2.50        0.33                                       N/A             N/A           N/A
  HAXPES                                                         0.3 ± 0.1   1.3 ± 0.1   0.2[b](#t1fn2){ref-type="table-fn"}± 0.1   3.1 ± 1.6       4.0 ± 1.4     22.6 ± 24.5

The ratios represent the average of the derived compositions of sample sets A~1,3,5~ and B~1,3,5~, and the stated error margins represent the standard deviation from the average. The Cs/Sn, Br/Sn, and F/Sn ratios are derived considering the total intensity (i.e., main + secondary contribution) of the respective photoemission lines.

Obtained from laboratory XPS data.

For A~3~ and B~3~, the O 2s signal (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) at (21.8 ± 0.1) and (21.4 ± 0.1) eV can be attributed to oxygen from (primarily) the TiO~2~ substrate as it mainly scales with the intensity of the Ti-related shallow core levels. The near-vanishing of the O 2s signal corroborates the increased coverage of the TiO~2~ substrate when SnF~2~ is added to the precursor solution (see discussion in conjunction with [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Note that the observed changes in the O 2s signal can, to some extent, also be ascribed to an increased presence of SnO~2~-type Sn^IV^ for the SnF~2~-free CsSnBr~3~ sample as suggested above. Because Sn^IV^-derived states will act as deep defects in CsSnBr~3~, a Sn^IV^-related O 2s signal could, in that respect, also be considered as an indirect probe for the presence of defects.

The peaks at (23.2 ± 0.1) and (23.3 ± 0.1) eV belong to the Cs 5s states.^[@ref28]^ Relative to the respective Sn 4d line intensity, the Cs 5s intensity of sample B~3~ is significantly decreased compared to that of sample A~3~, indicating a lower Cs/Sn ratio when SnF~2~ is added to the precursor solution; the decrease exceeds the expected impact of the additional Sn from the 20 mol % SnF~2~ added to the precursor solution of B~3~ (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and discussion below).

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the Br 3d spectra of samples A~3~ and B~3~, including curve fit results. As for the Sn 4d spectra above, the satisfactory fits of the Br 3d spectra are only obtained when employing (at least) two peak doublets, indicating the presence of (at least) two different bromine species. The main (m) Br 3d~5/2~ fit peak component has a BE of (68.4 ± 0.1) eV for A~3~ and (68.3 ± 0.1) eV for B~3~ and is ascribed to the chemical bond environment of bromide in CsSnBr~3~. The secondary (s) peak component in the Br 3d~5/2~ fit has a BE of (68.9 ± 0.1) eV for A~3~ and (68.8 ± 0.1) eV for B~3~ and is attributed to Br--Sn oxide and/or Br--O bonds.^[@ref28],[@ref29]^ Comparable to the Sn 4d spectra, we also find a core-level shift of −0.1 eV for the CsSnBr~3~ + 20 mol % SnF~2~ sample.

![HAXPES detail spectra of the Br 3d energy region of CsSnBr~3~ (A~3~, left panel) and CsSnBr~3~ + 20 mol % SnF~2~ (B~3~, right panel), shown with curve fit results. The spectra were normalized by the background intensity at BEs around *E*~F~.](am9b22967_0003){#fig3}

Accompanying XPS measurements on CsSnBr~3~ performed at WIS indicate a significantly lower amount of Br(s) (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf), bottom panel) compared to the Br 3d spectra shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) (upper panels) and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. However, note that the spectra of CsSnBr~3~ + 20 mol % SnF~2~ samples B~1~ and B~WIS~ do show a comparable amount of the secondary bromine species. The fact that we find, however, a significantly different Br(s) contribution of related samples A~1~ and A~WIS~ again suggest that transport/storage conditions affect the sample properties. However, some compositional variation in-between deposition runs and/or in a potential SnF~2~-related stabilizing effect could also be a reason. Another reason for the varying observations could be the different "probing depth" of the HAXPES and XPS measurements in the case of a pronounced primary/secondary species composition profile in the surface region.

The Cs 4d spectra in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} also indicate the presence of at least two Cs species. In this case, however, the secondary species appear at lower BE than the main species. The main Cs 4d~5/2~ fit peak (i.e., orange area) \[(CsSnBr~3~) and (CsSnBr~3~ + 20 mol % SnF~2~)\] is located at a BE of (75.5 ± 0.1) eV for sample A~3~ and (75.4 ± 0.1) eV for B~3~; we assume that this main contribution is, similar to the Sn and Br main peaks, associated with a CsSnBr~3~ chemical environment.^[@ref28]^ The Cs 4d~5/2~ fit peak component of the secondary contribution (i.e., purple area) is found at a BE of (74.9 ± 0.1) eV for A~3~ and B~3~. Attributing the secondary Cs species to an "oxide" species (as was done for Sn and Br) is not straightforward, as Cs oxide-related Cs 4d lines are generally reported (and expected) to be at higher BE values^[@ref28]^ (w.r.t. the main Cs contribution). Careful dosing experiments of metallic Cs with oxygen show that the Cs core levels shift to lower BE values even compared to the Cs lines of metallic Cs.^[@ref30],[@ref31]^ Thus, we speculate that the secondary contribution to the Cs 4d line in our study is also related to a chemical environment best described by Cs "oxide" (see also discussion in conjunction with [Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)).

![HAXPES Cs 4d detail spectra of CsSnBr~3~ (A~3~, left panel) and CsSnBr~3~ + 20 mol % SnF~2~ (B~3~, right panel), shown with curve fit results. The spectra were normalized by the background intensity at BEs around *E*~F~.](am9b22967_0004){#fig4}

Based on [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}, a correlation can be drawn between the addition of SnF~2~ to the precursor solution and the formation of secondary (oxidized) Sn, Br, and Cs species in Sn-based HaP thin films: the presence of SnF~2~ (20 mol %) in the precursor solution seems to generally prevent the formation of (oxidized) secondary phases. This is most obvious from the calculated mean Sn(II)/Sn(IV), Br(m)/Br(s), and Cs(m)/Cs(s) ratios derived from the HAXPES measurements, see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and supported by the additional data sets A~1,5~ and B~1,5~ ([Figures S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). The only exception is the chemical environment of Sn for sample set 5 (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)), which may be related to it having the lowest F (and thus presumably insufficient SnF~2~) content, hypothetically opening a route for additional oxidation of the sample during transport. Moreover, the Cs content for sample B~5~ is comparably low (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)).

The observed decrease of Sn^IV^ due to the addition of SnF~2~ to the precursor solution has also been observed by Koh et al.^[@ref22]^ Using XPS, they found that much less Sn^IV^ is formed (at the FASnI~3~ surface) if the precursor solution contained SnF~2~ compared to the case where no SnF~2~ was added to the precursor solution. At the same time, they reported an enhanced PCE for a solar cell based on the HaP that was prepared from a precursor solution that contained 20 mol % SnF~2~.^[@ref22]^ The oxidation of Sn (and its prevention) is of central importance for Sn-based HaPs since the presence of Sn^IV^ will create deep defects that may act as charge carrier recombination centers,^[@ref32]^ which, because of the resulting increase in doping density, will decrease the space charge layer width. If the doping is high enough, this will hinder charge separation. Both effects (creation of deep defects and decreasing space charge layer width) will limit cell efficiency.

The large performance difference between Sn- and Pb-based HaPs is generally associated with the much easier oxidation of Sn^II^ to Sn^IV^ compared to the oxidation of Pb^II^ to Pb^IV^. Even under carefully controlled conditions, it is difficult (in particular, for wet-chemical synthesis routes) to completely prevent exposure to oxygen, and probably mainly for this reason---and in contrast to Pb-based HaPs---some degree of oxidation of Sn-based HaPs is likely to occur during preparation. Thus, it is difficult to completely avoid the presence of Sn^IV^-related deep defects during the preparation process, but their formation can be significantly suppressed by adding excess Sn^II^ (in the form of SnF~2~) during HaP preparation.^[@ref22]^

From the fits of the HAXPES data in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"} and [S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf), the elemental ratios were calculated by correcting the areas of Sn 4d~5/2~, Br 3d~5/2~, and Cs 4d~5/2~ by the photoionization cross section of the respective photoemission line.^[@ref33],[@ref34]^[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the averaged HAXPES-derived elemental ratios for sample sets A~1,3,5~ (CsSnBr~3~) and B~1,3,5~ (CsSnBr~3~ + 20 mol % SnF~2~) and the nominal compound composition, as expected from the reagent concentrations. The ratios for the individual batches and the respective ratios for the accompanying XPS analysis at WIS can be found in the Supporting Information (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). We observe that for sample sets A and B, the HAXPES-derived compositions significantly deviate from the expected values and that there is also variation between the individual samples within one sample set. However, the smaller standard deviations for the average compositions derived for the samples of CsSnBr~3~ + 20 mol % SnF~2~ than for those without SnF~2~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) indicate a reduced variation of the experimental data between sample sets upon addition of SnF~2~. Most striking in the comparison with the nominal (and assumed bulk) Cs/Sn = 1 (0.83) and Br/Sn = 3 (2.5) compositions expected for CsSnBr~3~ (CsSnBr~3~ + 20 mol % SnF~2~) samples is the lower Cs/Sn = 0.5 ± 0.2 (0.3 ± 0.1) and Br/Sn = 2.0 ± 0.6 (1.3 ± 0.1) values. Such values reveal an enrichment of tin and a deficiency of cesium in the surface region of the sample (which is enhanced for the CsSnBr~3~ samples where SnF~2~ was added to the precursor solution). The more surface-sensitive XPS Cs/Sn ratios derived at WIS of 0.15 (0.12) and Br/Sn ratios of 1.33 (0.76) (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) in the Supporting Information) suggest even stronger Sn enrichment and Cs deficiency on the top surface. This is in line with the observation of Marshall et al.,^[@ref26]^ who provide clear evidence of the accumulation of SnCl~2~ at the surface of CsSnI~3~ + 10 mol % SnCl~2~ films. Similarly, the work of Liao et al.^[@ref23]^ suggests the accumulation of SnF~2~ at the surface of FASnI~3~ + 20 mol % SnF~2~ samples. This additive accumulation at the surface of perovskite samples is further supported by Kumar et al.,^[@ref32]^ showing that SnF~2~ is not integrated into the CsSnI~3~ lattice structure for any concentration between 5 and 40 mol %.

The addition of SnF~2~ to the precursor solution results in the suppression of the secondary Cs and Br species and the Sn^II^ to Sn^IV^ oxidation (see discussion). The variation between batches in each set (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) in the Supporting Information) shows the importance of this study of reproducibility and can be explained by two main factors: (insufficient) reproducibility of sample preparation and/or sample modification due to environmental and handling effects during packaging/transport/storage. The latter issue becomes apparent when comparing the HAXPES data collected at HZB with the XPS data measured at WIS for sample set A: in the XPS data, a lower presence of the secondary species for Br can be observed for the CsSnBr~3~ samples (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) in the Supporting Information), while the opposite is observed for the Cs(m)/Cs(s) (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)). A decreased presence of the oxidized species in the more surface-sensitive XPS data of Br is likely not related to a "depth gradient" in oxidation because exposure to an oxidizing atmosphere would preferentially affect the surface. Therefore, we ascribe the observed differences to the increased time between preparation and measurement of the samples and/or their transport conditions for the HAXPES experiments compared to the XPS measurements performed at WIS. The addition of SnF~2~ to the precursor solution seems to similarly affect the increase of the Br(m)/Br(s) ratio, when comparing the XPS and averaged HAXPES data (ca. a factor of 2, see [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) in the Supporting Information).

In the following, we can only discuss the derived composition ratios and species that are potentially present, speculating on possible scenarios that are consistent with the HAXPES-derived compositions, rather than giving definitive answers. Considering both, the main and secondary components of the fits, the composition found for sample set A is in general agreement with the presence of CsSnBr~3~ and varying additional species of, for example, SnBr~2~ and/or CsSn~2~Br~5~,^[@ref35]^ in (on) the samples (surfaces), which can rationalize the experimentally found Cs deficiency and Sn enrichment. The main difference for sample set B is the decrease of the Cs/Sn and Br/Sn ratios, which is somewhat in agreement with the addition of SnF~2~ to the precursor solution; however, the change (i.e., by a factor of ca. 1.5 on average) is higher than expected for an addition of 20 mol % SnF~2~ to the precursor solution. Thus, we speculate that the addition of SnF~2~ has a disproportionately large effect on the surface of the CsSnBr~3~ + 20 mol % SnF~2~ sample.

An interpretation of the elemental ratios of the secondary Cs and Br species and the Sn^IV^ component is less straightforward, mainly because of the large number of possible Sn^IV^ species \[possible candidates are SnO~2~, Sn(BrO~3~)~4~, and/or Cs~2~SnBr~6~\] and, thus, we will refrain from doing so.

In order to decide whether the observed chemical structure variations between batches in each sample set is caused by (insufficient) reproducibility of sample preparation or by environmental and handling effects, more controlled in-system experiments (i.e., sample preparation and characterization in one system without intermediate air exposure) will be needed.

In order to shed some light on the underlying mechanism of the observed SnF~2~-induced effects on the chemical composition and layer morphology, we note that the quality of Sn-based perovskite films depends on various parameters. A central factor seems to be the ability to minimize the Sn^II^ → Sn^IV^ oxidation and the related formation of Sn vacancies. Kumar et al.^[@ref32]^ proposed that SnF~2~ addition to the precursor solution results in an increase of the defect formation energy of Sn vacancies in correspondingly prepared CsSnI~3~ perovskites. Therefore, we speculate that this higher formation energy not only limits the presence of Sn vacancies but also prevents/minimizes the accompanied creation of unwanted secondary species \[in our case, the Sn^IV^, Br(s) and Cs(s) components of the discussed Sn 4d, Br 3d, and Cs 4d shallow core levels\], which might also benefit film morphology, that is, improving substrate coverage.

2.1. Effect of SnF~2~ on Electronic Structure {#sec2.1}
---------------------------------------------

Based on the results of the chemical analysis of (the surface of) the CsSnBr~3~ and CsSnBr~3~ + 20 mol % SnF~2~ samples, we will now discuss the electronic structure of this absorber class. The HAXPES VB spectra on a linear scale are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} for samples A~3~ and B~3~ \[see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) for the individual VB spectra and VB maximum (VBM) determination of all samples and [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) for the VB spectra represented on a semilog scale\].

![HAXPES spectra of the energy region near the VBM of CsSnBr~3~ (A~3~) and CsSnBr~3~ + 20 mol % SnF~2~ (B~3~) samples, including the VBM values (±0.10 eV) determined by linear extrapolation of the leading edges on a linear scale. A vertical offset is added for clarity.](am9b22967_0005){#fig5}

Theoretical DOS calculations predict that the VB region of CsSnBr~3~ is dominated by hybridized Br 4p and Sn 5s states,^[@ref36]^ and the measured spectral shape of the VB region is in agreement with the calculated DOS. The VB spectrum of the CsSnBr~3~ sample has a more pronounced feature at BE ≈ 8 eV (indicated by an arrow in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and in the left panel of [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)) compared to the spectrum of the CsSnBr~3~ + 20 mol % SnF~2~ sample. This feature is ascribed to O 2p-derived DOS originating from the TiO~2~ substrate, which is visible due to incomplete coverage (see discussion above).^[@ref25]^

The feature at BE ≈ 2 eV (indicated by an arrow in the right panel of [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf)) can be ascribed to states with a strong Sn 5s characteristic, and a DOS increase in this region can be observed in the spectra of the sample for which 20 mol % SnF~2~ was added to the precursor solution. This change is consistent with the (observed) change in Sn-oxidation state:^[@ref27],[@ref37]^ a decrease in relative concentration of Sn^IV^ with respect to Sn^II^ results in a change in nominal electron configuration from 4d^10^ 5s^0^ 5p^0^ to 4d^10^ 5s^2^ 5p^0^ and, thus, a corresponding increase of electron density in this spectral range.

The VBM values derived by linear extrapolation for samples A~3~ \[(−1.11 ± 0.10) eV\] and B~3~ \[(−1.01 ± 0.10) eV\] indicate a small shift of the VBM toward *E*~F~ when SnF~2~ is added during deposition, in agreement with ref ([@ref12]). The averaged VB spectra shown by the thick lines in the right panel of [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) can, however, be scaled so that they appear to overlay each other in the VBM region. Nishikubo et al.^[@ref37]^ also found no VBM change of MASnI~3~ or FASnI~3~, independent of adding SnF~2~ to the precursor solution. Based on the measurements shown here, the disappearance or overshadowing of the small (average) VBM shift can, however, certainly be attributed to the differing, mixed chemical surface compositions discussed above. Previously, the VBM positions of −1.7 and −1.6 eV^[@ref19]^ for similarly prepared CsSnBr~3~ and CsSnBr~3~ + 20 mol % SnF~2~ samples, respectively, have been reported. As these values have been derived by ultraviolet photoelectron spectroscopy (UPS, He I = 21.2 and He II = 40.8 eV), the discrepancy to the more bulk-sensitive HAXPES (2 keV)-derived values of −1.11 and −1.01 (±0.10) eV can be explained by an increased impact of surface contaminants on the VBM determination and/or a pronounced downward band bending (assuming p-type bulk conductivity) toward the sample surface (see discussion below). In addition, a certain impact of a low-excitation energy-induced k-selectivity of the photoemission process cannot be excluded. Furthermore, it has to be considered that the top of the CsSnBr~3~ VB is formed by Sn 5s-derived states,^[@ref36]^ to which HAXPES measurements are more sensitive than UPS measurements (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) discussion related to [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) for details). Thus, the seemingly high UPS-derived VBM values---also compared to the band gap of CsSnBr~3~: 1.75 eV^[@ref19]^---could be explained by the spectral onset that is (at this excitation energy) dominated by Br 4p-derived states. The thus presumably overshadowed "real" onset formed by Sn 5s-derived states might mistakenly be interpreted as a background when doing the linear approximation of the leading edge. A solution for this issue could be the presentation and evaluation of the VB spectra on a semilogarithmic scale as suggested by Endres et al.^[@ref38]^ The direct comparison of the HAXPES VBM values determined by linear approximation of the leading edge on a linear scale and the respective spectra shown on a semilogarithmic scale are shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf). As the HAXPES spectra do have a significantly higher noise level above the VBM than the UPS data (inherent to the experimental setup, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf) for more details), it is not straightforward to use the semilogarithmic HAXPES plots to derive VBM positions without respective DOS calculations. However, the VBM values derived on a linear scale mainly coincide within the experimental uncertainty with the clear intensity drop of the semilogarithmic HAXPES data, and thus, we conclude that in the case of HAXPES for this Sn-based HaP, a semilog approach does not lead to significantly different VBM values. Reasons for that could be the relatively high photoionization cross section for s-derived states when employing hard X-rays (instead of UV light, see discussion above) and the higher DOS at the top of the VB of CsSnBr~3~ compared to that of CsPbBr~3~^[@ref39]^ for which the benefit of the semilog approach was demonstrated.^[@ref38]^

Taking the CsSnBr~3~ bulk band gap of 1.75 eV (as derived by UV--Vis spectrophotometry for similarly prepared samples^[@ref19]^) into account, the HAXPES-derived VBM positions may be interpreted in terms of two scenarios. Assuming that there is no (depth-dependent) chemical and electronic structure profile (i.e., somewhat neglecting the finding of a Sn-rich and Cs-/Br-poor CsSnBr~3~ surface), the VBMs (independent of SnF~2~) indicate a very slight n-type (bulk) conductivity. Assuming p-type conductivity in the bulk, the derived VBM positions are in agreement with a conduction-type inversion at the surface (for a p-type semiconductor, one would expect \|VBM\| \< \|CBM\| = *E*~g~ -- \|VBM\|, with CBM being the conduction band minimum), most likely due to a high density of acceptor-like surface states, causing a significant (downward) surface band bending.

By focusing on each sample set (A~*n*~, B~*n*~) individually, we find that in two (*n*: 3 and 5) of the three cases, we can observe a SnF~2~-induced shift of the VBM toward *E*~F~. The VBM (A~5~)--VBM (B~5~) shift of −0.18 eV (±0.14 eV) represents the upper boundary in our case. In the first scenario (i.e., n-type bulk conductivity), this shift indicates a decrease in the net n-type doping concentration. For the second scenario (i.e., p-type bulk conductivity), the VBM shift toward E~F~ would indicate a reduced downward surface band bending, for example, due to a reduced density of acceptor-like defect (surface) states and/or an increased p-type doping in the material bulk.

*E*~F~ being closer to the CBM than to the VBM, as well as the VBM shift, are---within experimental uncertainty---in agreement with previous UPS measurements^[@ref19]^ (see discussion above) and with the core-level shifts discussed above. The fact that the VBM values derived by the more surface-sensitive UPS^[@ref19]^ are farther from *E*~F~ than in the HAXPES measurements, supporting the second scenario (i.e., p-type bulk conductivity and downward surface band bending).

We have previously shown how oxidation of Sn^II^ to Sn^IV^ in CsSnBr~3~ can result in p-type doping.^[@ref12]^ Other studies have also shown that inhibiting Sn-oxidation by using SnF~2~ in the preparation leads to a reduction of the hole concentration in Sn-based HaPs by 1--2 orders of magnitude.^[@ref23],[@ref24],[@ref32]^ Thus, in a simple picture, preventing this oxidation (by addition of SnF~2~) should result in a shift of the VBM away from *E*~F~, contrary to what we observe. Apparently, the SnF~2~-induced VBM shift toward *E*~F~ is mainly governed by the increase in Sn 5s-derived DOS as a result of the change in Sn-oxidation state (i.e., the decrease of Sn^IV^-derived defects) and corresponding electron configuration modification (see discussion above). However, assuming p-type bulk conductivity, one could also speculate that the VBM shift toward *E*~F~ may to some extent be due to a SnF~2~ addition-induced reduction of the density of (acceptor-like) defect states at the surface, resulting in a less pronounced surface band bending. This conclusion is supported by refs ([@ref24]) and ([@ref32]) that correlate SnF~2~ with the reduction of the density of (interband) defect states.

It has been reported^[@ref26]^ that any excess of Sn^II^ (from SnX~2~ additives, X = Cl, Br, and I) can result in an improved device performance, yet addition of excess SnBr~2~ during CsSnBr~3~ preparation has only a very small effect on performance compared to the improvement when using SnF~2~.^[@ref20]^ Thus, on the one hand, the incorporation of excess Sn and its effect/benefits to the film properties can be specific to the individual perovskite; on the other hand, one could speculate that the results of this study w.r.t. the observed SnF~2~ addition-induced chemical and electronic structure changes can, to some extent, also be transferred to these systems. However, detailed studies are required to conclusively answer this question.

3. Conclusions {#sec3}
==============

The chemical and electronic structure of CsSnBr~3~ thin-film solar cell absorbers and how it is impacted by the addition of 20 mol % SnF~2~ to the precursor solution has been studied by lab-based soft (XPS) and synchrotron-based hard (HAXPES) X-ray photoelectron spectroscopy. To determine the reproducibility and reliability of the results, several of (nominally identically prepared) sample sets were investigated. Variations in the HAXPES-derived surface compositions between individual sample sets were observed. Despite such variability, we find that the addition of 20 mol % SnF~2~ results in an improved coverage of the TiO~2~ substrate by CsSnBr~3~, in agreement with earlier reports, a decrease in the oxidation of Sn^II^ to Sn^IV^, and a suppression in the formation of secondary Br and Cs species. Comparing HAXPES-derived compositions with the nominal compositions reveals an overall enrichment in tin and deficiency of cesium in the surface region, which is further enhanced by the addition of SnF~2~ to the precursor solution. The HAXPES VB spectra show a SnF~2~-induced redistribution of Sn 5s-derived DOS, reflecting the changing Sn^II^/Sn^IV^ ratio. Furthermore, we suggest---despite some variation between sample batches---a VBM shift toward *E*~F~ upon SnF~2~ addition to the precursor solution. This can be explained by a reduction of the density of acceptor-like (surface) defects, which results in a less pronounced surface band bending. Finally, the improvement of the performance of CsSnBr~3~-based solar cells, prepared with SnF~2~, can likely be related to the reduction of Sn^IV^-derived states, decreasing the density of deep defects in the CsSnBr~3~ perovskite absorber (thus, effectively reducing the number of charge carrier recombination centers) and maintaining a moderate doping density that will result in a suitable space charge layer width (thus, maintaining sufficient charge separation).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.9b22967](https://pubs.acs.org/doi/10.1021/acsami.9b22967?goto=supporting-info).Data analysis and description of the XPS and HAXPES spectra; complete set of shallow (Cs 4d, Br 3d, and Sn 4d) core-level HAXPES spectra as well as F 1s XPS, Cs 3d and Sn 3d HAXPES, and XPS; Br 3d XPS spectra; and table of elemental ratios as well as VB spectra for all samples ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22967/suppl_file/am9b22967_si_001.pdf))
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